Dopamine (3, 4-dihydroxyphenyl ethylamine, DA) is one of the most important neurotransmitters in the mammalian central nervous system. This paper presents a new approach to detect dopamine using an electrochemical sensor based on a composite made out of chitosan-stabilized silver nanoparticles and p-toluene sulfonic acid-doped ultrathin polypyrrole film, which exploits the synergy between the conducting polymer matrix and silver nanoparticles. These are characterized by TEM, XRD, UV-vis , FTIR, EDAX and the properties of the modified electrode is investigated by electrochemical impedance spectroscopy (EIS). The linear range is from 1x10 -9 M to 1.2x10 serum. Thus modified electrode shows excellent sensitivity, good selectivity and reusability at neutral pH.
Introduction
Dopamine (DA), the most important catecholamine, belongs to the family of excitatory chemical neurotransmitter. It plays an important role in the function of the central nervous, renal, hormonal and cardiovascular systems [1] . Deficiency or excess of DA may result in serious diseases related to neurological disorders, including Parkinson's disease and schizophrenia [2] [3] [4] . Since its discovery in the late 1950s in the mammalian central nervous system, many attempts have been made to detect dopamine in biological samples such as blood serum or urine. Electrochemical techniques showed promise for the analysis of neurotransmitters in general, compared to fluorometric, radioenzyamatic, chromatographic, spectrophotometric and chemiluminescent techniques [5] [6] [7] [8] , since they offered direct measurement of the analytes. Non-electrochemical techniques involve withdrawing samples from the subject followed by rigorous separation, conditioning and other forms of sample pretreatment prior to analysis. Other advantages of electrochemical methods include high selectivity, good sensitivity and very low detection limits especially at microelectrodes [9] . However, early efforts to detect DA using metallic electrodes ran into several serious problems. Firstly, dopamine can be electro polymerized, leading to electrode fouling and degradation of response. Secondly, dopamine is commonly found in conjunction with other materials including its common oxidisable metabolites, and these generate substantial interference, as does the ubiquitously present ascorbic acid (AA). The third problem is that physiological concentrations of dopamine are very low, requiring very high selectivity and sensitivity [7, 10, 11] . In the extracellular fluid of the central nervous system, DA ranges from 0.01 to 1 μM compared to 100-500 μM of AA. Both DA and AA also exhibit nearly identical redox potential ranges and comparable sensitivities [8, 11, 12] . Thus, it has not been possible to detect DA selectively at conventional bare electrodes. Modified electrodes, on the other hand, may offer higher selectivity, sensitivity, time efficiency and higher stability. Therefore, several modifier materials such as Carbon nanotube [13, 14] , polymers [15] , nanoparticle-polymer [16] [17] [18] , metal oxides [19] , dye [20] , Graphene [21] , nafion [22] , boron as dopant [23] have been used to overcome this problem.
Conducting polymers have attracted much interest due to their high conductivity, ease of preparation, good environmental stability and large variety of applications in light emitting, electronic devices, chemical sensors, separation membranes and antistatic coating [24] [25] [26] . Among various types of conducting polymers, polypyrrole has many attractive features as molecular recognition system [27, 28] . Deposition of a conducting polymer is a simple approach to construct a sensor electrode. The advantages of electropolymerisation are: (a) thin, uniform and adherent polymer films can be obtained; (b) films can be deposited on a small surface area with a high degree of geometrical conformity and controllable thickness using a specific number of growth cycles in potentiodynamic cycling [29, 30] .
Metal nanoparticles have electronic, optical and magnetic properties different from those of the bulk materials. Electrodes modified by metal nanoparticles usually exhibit high electrocatalytic activities towards the compounds which otherwise have sluggish redox process at bare electrodes [31] . The synthesis of silver nanoparticles with precise particle size and shape is a challenge. Generally, metal nanoparticles aggregate among themselves and progressively grow into larger clusters and eventually precipitates, deviating from nanoscale. This reduces the effectiveness of synthesized nanoparticles and discourages their application [32] . Coalescence may be prevented by adding a polymeric stabilizer.
Synthetic polymers such as polyvinyl chloride (PVC), polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) have been used as stabilizing polymers of silver nanoparticles (AgNPs) [33] . Due to the non-biodegradability and toxicity of synthetic polymers, natural polymers have been given a considerable attention to stabilize the AgNPs. Hence, natural polysaccharides being environmentally benign, biodegradable, highly abundant and of low cost, are preferred as a stabilizers for synthesized AgNPs [34] .
In this paper, we report a modified electrode prepared by electropolymerising pyrrole on platinum electrode with p-toluene sulfonic acid dopant followed by a coating of chitosan stabilized silver nanoparticles. Presently, there is no reported work for the selective determination of DA using silver nanoparticles and polypyrrole modified platinum electrode. The modified electrode was utilized as the sensing matrix for the selective determination of DA at nanomolar levels in human blood serum samples and might be useful for the diagnosis of Parkinson's disease.
Experimental

Reagent and Chemicals:
Chitosan (88% deacetylation), silver nitrate, p-toluene sulfonic acid (PTSA) were purchased from Himedia (India). Pyrrole, dopamine (DA), epinephrine (EP), uric acid (UA) were supplied by Sigma Aldrich (USA) and used as received. Ascorbic acid (AA), aspartic acid, L-Dopa, glucose were of analytical reagent grade and purchased from EMerck, Germany. A 50mM phosphate buffer solution was used to control the pH. Aqueous solutions were prepared by Milli-Q (MQ) water. All experiments were conducted at room temperature. Human blood serums were supplied by Medicave diagnostic centre, Kolkata, India. These were stored in a −80 • C freezer.
Instruments:
Cyclic Voltametry (CV) and Differential Pulse Voltametry were performed using an AUTOLAB, PGSTAT 30 with GPES software (version 4.9) in a conventional three-electrode system with a bare or modified working (Pt) electrode (surface area 0.64 cm 2 ), a platinum wire counter electrode and an AgAgCl reference electrode.
The ac impedance analysis was performed with AUTOLAB, PGSTAT 12 9(Eco Chemie, The Netherlands) with a frequency response analyser (version 4.9). The impedance measurements were run at a potential of 200 mV with 5 mV (rms) sinusoidal excitation amplitude. A solution of 50 mM phosphate buffer (pH 7) was used as the electrolyte in a three-electrode cell, as mentioned above. All measurements were performed at room temperature (22-24°C) over the frequency range 0.1 to 10 5 Hz, number of frequency 50 and then data were analysed by using NOVA-1.9 software.
The bulk morphology and particle size of silver nanoparticle was studied by TEM using a Technai G2
Spirit Bio Twin instrument (USA). The spectra were taken against air at 30 • C in a UV-vis spectrophotometer (CECIL CE7200, 7000 series, UK) from 200 to 600 nm. The surface morphology of the nanoparticles and polymer matrix was characterised by scanning electron microscopy (FEI quanta 200, USA) at 20 kV and different magnification. The FTIR spectra of samples were performed in a Thermo Scientific FTIR instrument (Model Nicolet iS 10,) using ATR sampling technique. The spectra over the range 4000-400 cm −1 were obtained at a resolution of 4 cm −1 . WAXS (Wide angle X-ray Scattering) was performed using XPERT-PRO wide angle X-ray diffractometer (USA) in reflection mode. The instrument was operated at a 40 kV voltage and a 30 mA current using Ni filtered Cu-kα radiation (λ = 1.54 A). The samples were scanned from 2θ = 20-90• in the step scan mode to record the diffraction pattern.
Synthesis of silver nanoparticles:
Silver nanoparticles were prepared following a green route using chitosan as a reducing agent. Chitosan 
Preparation of polypyrrole film-modified platinum electrode:
Prior to modification, the bare Pt electrode was polished using alumina slurries and ultrasonicated in ethanol and MQ water for five minutes. Electrochemical polymerisation of pyrrole was carried with 0.1M pyrrole in 0.1M PTSA solution by cycling the potential from -0.35V to 0.85V at a scan rate of 30mv/s for five cycles. Polymer film formed by less than 5 cycles was found to be unstable and hence doping agent could not be adequately embedded. On the other hand, a higher number of cycles led to the formation of thicker film with less accessible areas for doping. The electrode was rinsed with MQ water and treated with 0.1M NaOH before running CV five times to form overoxidise doped polypyrrole (PPyox-PTSA). After a final wash with water, the electrode was modified with AgNPs;
10μl of chitosan stabilized Ag nanoparticles (5mg/ml) was dispensed onto the modified electrode and dried at room temperature. This modified electrode was denoted as PPyox-PTSA/Ag-NP/Pt.
Measurements of response:
The Optimum pH for the detection of dopamine was first determined by varying the pH from 5 to 9. Subsequent cyclic voltammetry experiments were conducted at this pH and at room temperature to determine the optimum scan rate by varying the rate from 10-150 mVs -1 .
The performance of unmodified, PPyox-PTSA modified and PPyox-PTSA/Ag-Np modified platinum electrodes for 1mM dopamine was investigated by cyclic voltametry in 50 mM phosphate buffer at optimum pH and various scan rates. The effect of probable interfering substances which are present in blood serum was also studied by amperometry at a constant potential of 0.25v. For the stability and reusability study, the response current was measured over a period of 7 weeks of storage with measurement of response every 7 days for 10mM DA solution, using the same modified electrode in 50mM Phosphate buffer solution (pH 7 and at 40 mVs -1 scan rate)
Results and Discussion
Characterisation of silver nanoparicles and polypyrrole film
The morphology of chitosan stabilized silver nanoparticles was observed by transmission electron microscopy (TEM) (Fig. 1a) . This clearly revealed the formation of individual silver nanoparticles. The nanoparticles were predominantly spherical and polydispersed, with diameters in the range of 20 to 25 nm.
A sample of yellow powder of the composite was dispersed in 0.1% (V/V) of acetic acid and the UVvisible spectrum was recorded. The characteristic band of Ag nanoparticles centered at about 420 nm (Fig. 1b) . Chitosan stabilized AgNP could be stored up to several months without any discernible precipitation.
The X-ray diffraction pattern of pure chitosan ( indicating polymerisation of pyrrole [35] . Fig. 2b describes the FTIR spectra of doped over-oxidised polypyrrole with p-toluene sulfonate. Due to doping by PTSA the N-H band (3400) of the pyrrole ring was not observed in the spectrum. The band at 1186 was due to stretching vibration of the group in PTSA anion demonstrating that dopant anion was present in the polymer backbone. The peak at 913 could be attributed to the stretching vibration of the doped pyrrole, indicating successful polymerisation of the PPy films. The most obvious change of FTIR spectra after the over-oxidation was the appearance of a new peak at 1680, which indicated that C=O was introduced into the polymer backbone during over-oxidation. Thus FTIR results confirmed doping as well as over-oxidation of polypyrrole film during electropolymerisation.
In Fig. 3A , the surface morphology of electro polymerised PPy film showed its characteristic smooth surface, whereas the PPyox-PTSA (Fig. 3B ) film exhibited a 'cauliflower' morphology typically seen with the dopant PTSA [36] . However, its morphology seemed to be more structured and organised and not normally observed with a characteristic PPy film. The morphology of the PPy films displayed micro-spherical grains; the size of most of the grains was about 7 to 10 µm. The SEM image of porous, overoxidized PPy-PTSA film is shown in Fig. 3C ).
Electropolymerisation of pyrrole at platinum surface
Cyclic voltammograms of 0.1M pyrrole in presence of 0.1M PTSA at platinum electrode was done to electro deposition of polypyrrole on the Pt electrode. The oxidation peak appeared at 0.19 v and reduction peak at -0.30v. The surface coverage, Γ of the electrode due to electropolymerisation was evaluated using the following equation [37] Γ= Q/nFA
Where n is the number of electrons transferred during redox reaction, F is Faraday constant, A is surface area of electrode and Q is charge obtained by integrating the anodic peak under background correction at a low scan rate. This was found to be 9.6x10 -9 mole/cm 2 . The clear and well defined redox peaks of PPy/PTSA corresponded to dopant incropration in polymer matrix.
Characterization of PPyox-PTSA/Ag NP/ Pt electrode by electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a powerful technique which provides useful information due to change in input frequency and thus allows the measurement of impedance of electrochemical system before and after any redox reaction and predicts equivalent electrical circuit of modified electrodes. This study was carried out in 0.1mM DA at pH 7, phosphate buffer using modified electrode. The Nyquist plot (Fig. 4) shows that electron-transfer resistance (Rct) value of PPyox-PTSA/ Ag NP/ Pt (as a quasi-straight line) was much lower than that of the bare Pt, which was attributed to the high conductivity of the PPyox-PTSA/ AgNP films that facilitated fast electron transfer between the solution and the electrode interface. The Nyquist plots included distinct semicircular and a linear parts. The semicircular part, which appears at higher frequencies, corresponds to the electron transfer limited process and the diameter of this part is equivalent to the electron transfer resistance (Rct). The linear part, which appears at lower frequencies, corresponds to the diffusion- In order to calculate the electron transfer rate constant, k0 (data shown in Table 1 ), for the redox reaction of DA for differently modified electrodes, Equation (2) [38] was applied.
where A is the electrode area; n is the number of electrons requested for the reduction/oxidation of DA ions; C is the molar concentration DA ; R is ideal gas constant, T is the temperature in Kelvin; F is the Faraday constant.
Effect of pH
The effect of the electrolyte pH on the response of DA was investigated over the pH range 5-9. Fig. 5 shows that the anodic peak current increased with increasing pH up to 7 and started decreasing at pH > 7. With increasing pH the negative sulfonate group on electrode surface started attracting DA cations to the electrode surface. Thus the anodic peak current for DA increased with increasing pH over the range 5-7. Above pH 7, the degree of protonation of DA decreased, since the hydroxy group of DA could be easily oxidised under alkaline conditions. Although there was an increase in the concentration of negative sulfonate groups on the electrode surface, the decrease in DA cations resulted in less interaction between DA and the polymer film. The anodic peak current of DA decreased with increasing pH over the range 7.5-9. The optimum pH for electrochemical detection of DA was chosen as 7.0, since this yielded the maximum current response and the blood serum could be directly analysed without adjustment of the pH. In addition, the peak potential (Epa) shifted negatively with increasing pH, indicating the active role of protons.
In phosphate buffer, pH 7.0, DA exists as a cation with a positively charged amino group (pKa 8.9)
[39] while PTSA is non-protonated. Hence, the oxidation of DA might be ascribed to the electrostatic attraction interaction between DA cations and the high electron density of sulfonic group of PTSA. The formal potential (Ea´ value was taken as the average value of the anodic and cathodic peak potentials) of the surface redox couple was pH-dependent (inset of Fig. 5 ). The slope of anodic potential Epa vs.
pH was evaluated to be 49mV/pH unit, which was very close to the anticipated Nernstian value for a two-electron, two-proton process [40] . A linear regression analysis Epa =0.447-0.049 pH (correlation coefficient, R 2 = 0.987) showed that the uptake of electrons was accompanied by an equal number of protons.
Effect of scan rate on DA oxidation and kinetic analysis
The influence of scan rate on the response of DA with the polymer-modified electrode was investigated by cyclic voltammetry (Fig. 6 ). The voltammogram response at different scan rates could reveal kinetic information concerning the electrocatalytic process, such as diffusion and adsorption effects.
Both the values of anodic peak current (Ipa) and cathodic peak current (Ipc) exhibited a linear relationship with the square root of the scan rate. The linear regression equations Ipa (µA) = 51.86v 6 ) implied that the electro catalytic reaction was diffusion controlled. As the plot of the peak current against the square root of the scan rate yielded a straight line (inset of Fig. 6 ) with similar slopes for Ipa
Vs v 1/2 and Ipc Vs v 1/2 , an equimolar counter diffusion process could be predicted. Hence the system was ideal for quantitative analysis in practical applications. Furthermore, the Randles-Sevcik equation [41] , which is limited to reversible processes, also described the factors that influence the magnitude of peak current.
In Equation 3, ip is the peak current (A cm -2 ), n is the electron stoichiometry, D is the diffusion coefficient (cm 2 s-1), A is surface area of electrode v is the scan rate (V s-1) and C0 is the concentration (mol cm -3 ). Thus the diffusion coefficient could be determined from the slope of any this straight line. It was also observed that with increasing scan rate, both the anodic and cathodic peak current increased, but the position of the peak voltage did not change, conforming to the characteristics of electrode reactions having rapid electron transfer kinetics.
Electrochemical oxidation of DA on modified electrode
With a bare Pt working electrode, DA showed a pair of redox waves with the anodic and cathodic peaks at 624 mV and 140 mV, respectively. However no voltammetric response was observed after the addition of DA with a PPyox-PTSA/Pt working electrode. This was due to the resistance of the insulating PPyox film, which caused blockage of direct electron transfer and mass transport. In the case of the PPyox-PTSA/Ag-NP/Pt, the redox peak potentials shifted to 210 mV and -142mv (Fig. 7) , and the peak current was enhanced by about 3 times compared to the bare Pt. This might be attributed to the Ag nanoparticles on polymer-modified electrode providing larger effective surface area than the bare electrode and hence higher catalytic efficiency. The peak characteristics clearly indicated an electrocatalytic oxidation of DA at PPy-modified electrodes resulting from a more active surface compared to the bare Pt. The electrochemical response indicated by the redox peak current, increased with increasing analyte concentration (Fig. 8) . The anodic peak current produced a linear plot with DA concentration in the range 10nM to 120nM (Inset of Fig. 8 ) and the linear regression equation is y= 0.0292x+0.205 The limit of detection (LOD) and limit of quantification (LOQ) of DA determination were calculated from the following relations [43] .
Where S is the standard deviation and m is the slope of calibration plot. These were found to be 0.58 x 10 -9 M (LOD) and 1.97x10 -9 M (LOQ) respectively. The sensitivity calculated from the slope of the calibration plot was found to be 0.0292 μA/nM [44] . It could be seen that the oxidation peak potential of dopamine shifted slightly towards positive potential with increase in concentration (Fig.8 ) of DA.
This might be due to coupling of electron transfer reaction to chemical reaction (ECE) in dopamine oxidation mechanism. In ECE mechanism, DA first diffuses onto the working electrode and releases 
Interference Study
The most important issue in dopamine detection is the interference due to the presence of other electro active species which coexist at higher concentration than DA in the serum fluids and have similar redox potentials. As anticipated, the bare Pt electrode exhibited comparable response signals for AA, UA, DA, epinephrine (EP), aspartic acid, L-dopa, glucose, and DA at their physiological levels, thus generating significant potential interference. Fig. 9 shows the signal response of PPyox-PTSA/Ag-NP/Pt electrode at 0.25 V with sequential addition of 100 µM AA, 50 µM UA, 50µM EP, 50 µM aspartic acid, 50 µM L-Dopa, 10 µM DA. The current responses generated due to these interfering species were negligible, indicating the high selectivity of the sensor.
Selective electrochemical response for AA, DA and UA by modified electrode:
In the extra-cellular fluid of the central nervous system and serum, AA and UA coexist with DA. They exhibit almost same oxidation potential as DA. Thus it is essential to detect DA selectively avoiding any interference from these coexisting molecules. The ability of this PPyox-PTSA/Ag-NP/Pt modified electrode to promote the voltammetric resolution of DA, AA, and UA was investigated by Differential
Pulse voltammetry. The bare Pt exhibited a rather broad oxidation peak and the indistinguishable peak potentials of AA, DA and UA (Fig. 10A) . The individual components could not be determined from the repulsion between the AA anions and the negative sulfonic groups at the modified electrode surface retarded the electron transfer and thus shifted the oxidative potential of AA toward more negative value, separating the oxidative peak of DA. The separation of the oxidation peak potentials for AA-DA, DA-UA and AA-UA are about 400, 400 and 800 mV. This separation was large enough to achieve the simultaneous determination of these three compounds in a homogeneous solution.
In addition, various concentrations of DA in the presence of 100 µM AA and 50 µM UA exhibited excellent DPV responses without any obvious intermolecular effects. The peak current of DA increased linearly with increasing DA concentration (Fig. 10B) . We also examined the influence of AA and DA on the oxidation of UA under the optimum conditions at pH 7.0 using the modified Pt electrode. No change was observed in the DA peak currents with varying the AA and UA strength. In addition, the oxidation peak current of AA and UA increased linearly ( Fig. 10C and 10D ). These results indicate that the modified electrode could be suitable for the simultaneous determination of these three compounds without observing any interference from each other. The observed good selectivity might be attributed to the negative surface charge and functional groups (e.g. -NH or OH) of the PPy film, which could provide an excellent selective interface for the detection of DA.
Stability and reproducibility
For monitoring of dopamine in real samples, stability and reusability are normally important factors.
However, for one-off measurements, these are of little importance, especially when the preparation of the modified electrode is easy and rapid and the whole measurement procedure takes only 15 minutes.
Even so, it was observed (Fig. 11a ) that over the first 7days the oxidation of DA signal decreased only by 1.1% and the oxidation current response maintained 93.7% of the original peak current even at the end of the 7 th week.
In order to examine the reproducibility of the modified electrode, repeated cyclic voltammetry experiments were performed with a modified electrode in 1 mM DA in 50mM pH 7 phosphate buffers.
No significant change in the peak potential and the current response was observed (Fig. 11b) . The relative standard deviations (RSD) in voltammetry responses for 10 measurements for 1mM DA were less than 5%, indicating excellent reproducibility of the fabrication method.
Real Sample analysis by constant potential amperometry
Abnormal concentrations of DA in body fluids influence the function of central nervous system. Hence the modified electrode was used to measure DA content in spiked serum samples without any pretreatment under the previously described optimal experimental conditions by amperometry at 0.25V. The calibration curve of Fig. 12 shows the steady state current response for DA of known concentrations at the PPy/PTSA/Ag. The nearly equal current steps for each addition of DA demonstrated stable and efficient catalytic activity of the electro catalyst i.e. AgNP immobilized in the polymer film. A linear relationship (y=4.252x+2.051) between DA oxidation peak current and concentration was obtained in the concentration range of 0.01μM to 1µM with a correlation coefficient of 0.98.
In order to evaluate the accuracy of the method while detecting DA in serum samples, these (having no DA initially) were spiked with dopamine in various known concentrations. Using the linear equation already derived from the standard curve, the concentrations of DA in blood serums were determined and compared with actual concentrations. The recovery rates for dopamine were determined in the range 94 -100% and the results are summarized in Table 2 . The recoveries indicate that the accuracy of the proposed method was excellent.
Comparison of results
The performance of this newly developed sensor was compared with published data on dopamine sensors and consolidated in Table 3 . It can be seen that the sensor achieved the highest sensitivity and lowest detection time (9s). Many of the previously published papers have not reported on the effect of interfering substances on the response. However our system was found to be free from any significant interference due to the presence of AA, UA, EP, aspartic acid, L-Dopa or glucose. Moreover, the modified electrode could be used for real samples. The preparation for the modification of the electrode was also easier and faster (a few minutes) than all the previous reports. This work thus supersedes all previous work in almost all respects.
Conclusions
A novel chemical sensor for dopamine was fabricated based on a nano-porous PPyox template with deposited Ag nanoparticles. Analysis by EIS revealed a lowering of charge transfer resistance by many fold due to the modification of the electrode. This modified electrode exhibited a strong electrocatalytic activity towards the oxidation of DA. Moreover, it resolved the signal due to AA from interferences due to UA, EP, L-dopa and glucose, primarily by shifting their oxidation potentials, as shown by the DPV results. Using CV, the detection limit of DA was estimated to be about 0.5x10 -9 M. Due to the synergistic effect of the doped PPyox and Ag nanoclusters, this new electrode system resulted in a better detection limit, and higher sensitivity and selectivity to DA, even in the presence of excess of AA, as compared with other methods reported in the literature. Hence, the most important issues for direct estimation of DA in real samples such as human blood serum have been resolved. Mechanisms are proposed to explain the variation in response due to pH, the high response to AA and the reduction of signal due to interfering substances. This PPyox film electrode in combination with metal nanoparticles provides a potentially valuable tool for very efficient and highly selective electrochemical sensor design.
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